The development and characterization of the first integrated electromagnetic micro-turbo-generator supported on encapsulated microball bearings are reported. The device presents a novel integration of encapsulated microballs that provide a simple operation and actuation scheme, a silicon microturbine rotor with thick magnetic components for high magnetic flux density, and wafer-thick copper coils for optimum magnetic flux linkage and low coil resistance. Spin-down testing of the microturbine demonstrated dynamic friction torques of up to 33µNm at the rotational speed of 16krpm, corresponding to 6% turbine efficiency. A maximum perphase AC open circuit voltage of 0.1V and power of 5.6µW on a 220Ω resistive load were measured; in fullagreement with theoretical estimations.
INTRODUCTION
The development of small-scale and high-density power sources is necessary to enhance the capabilities of portable systems. Due to the high energy density of hydrocarbon fuels, the miniaturization of macro-scale generators consisting of electromechanical generators and combustion engines is particularly advantageous in the realization of such power sources. Accordingly, this work is focused on the development of the electromechanical generator component of a hydrocarbon-based power generator on the MEMS-scale.
Several micro-scale electromechanical generators have been previously demonstrated using permanent magnets. A permanent magnet micro-turbo-generator with axial flux and axial flow was reported by Holmes in [1] . The device used an SU-8 polymer rotor supported on offthe-shelf ball-race bearings, and generated 1.19V at 30krpm that corresponds to a projected AC power of 1.1mW. Pan demonstrated a similar axial flux permanent magnet generator actuated using an external spindle, and achieved 1.89mW at 13krpm [2] . A micro-turbo-generator with turbine structures defined on permanent magnets was presented by Raisigel [3] . Consisting of a stator with three-phase multi-turn coils and a rotor supported on magnetopneumatic bearings, the device generated 14mW at 58krpm. Higher speeds on the order of 400krpm were achieved using a dental drill, resulting in an output power of 5W. A three-phase axial flux permanent magnet generator with three-phase low resistance windings was designed and fabricated by Arnold [4] . The stator resistance was decreased down to 0.1 Ω by electroplating stator coils up to 120µm. The coils were fabricated on a permalloy substrate rather than silicon to increase the magnetic flux density within the stator. Actuating the device with an external spindle, a maximum DC power of 1.1W at 120krpm was demonstrated. The same group designed and fabricated a second-generation device with a more efficient coil design and a more robust rotor to support the magnets at higher speeds [5] . At a rotational speed of 305krpm, the AC and DC output powers were measured to be 12W and 8W, respectively. In parallel, an air bearing-supported micro-turbo-generator with NdFeB permanent magnets was demonstrated by Yen [6] . The device was able to produce an AC power of 19mW at 40krpm. Finally, Herrault further miniaturized the device in [5] and fabricated a 2mm-diameter axial flux permanent magnet generator [7] . The rotor was spun using external testing apparatus, and delivered 6.6mW at 392krpm. The same authors have improved the design presented in [5] by adding laminated permalloy structure on the stator, and reported 1.05W at 200krpm [8] .
This work leverages the stability and simplicity of microball bearings in the development of an integrated and robust power platform capable of converting gas flow into electricity with a simple operation scheme. Microball bearings have been previously demonstrated in linear and rotary micromachines by our group [9] [10] [11] [12] [13] [14] , and reported to provide a stable, reliable, and robust support mechanism with low friction and wear, desired for fastrotating MEMS devices. Accordingly, this work is focused on the development of the first micro-turbogenerator utilizing encapsulated microball bearings as well as an optimized rotor and stator.
DESIGN
The micro-turbo-generator is composed of a turbine rotor supported by microball bearings suspended above a stator. The 6mm-radius rotor is comprised of two 500µm-thick silicon wafers bonded together, encapsulating microballs (Ø=285µm) in between pre-etched trenches as shown in Figure 1 . The top wafer has radial in-flow turbine structures etched 200µm deep in silicon for pneumatic actuation. An etched cavity is defined on the bottom wafer to accommodate ten 500µm-thick NdFeB permanent magnets arranged in an alternating polarity with inner and outer radii of 2mm and 5mm, respectively. In addition, a 250µm-thick high-magnetic-permeability FeCoV disc with a 5mm radius is integrated between the magnets and the rotor. While the NdFeB magnets are used as the source of magnetic field, FeCoV disc is incorporated in the design to decrease the magnetic reluctance of the device, and hence, increase the magnetic flux density within the stator. A silicon plumbing chip with through holes is placed on top of the rotor for directing nitrogen flow as shown in Figure 1a .
The stator is comprised of planar, three-phase, tenpole, and three-turns-per-pole copper coils. The rotation of magnets over the stator results in voltage induction due to Faraday's law of magnetic induction. To optimize the magnetic flux linkage and decrease the resistance of the radial lines, the radial features as well as half of the inner and outer connections of the coils are electroplated in a 400µm-thick silicon substrate having through-etched coil patterns (Figure 2a) . The remainder of the connections are defined on the backside over a dielectric layer with via openings (Figure 2b ). Device optimization was performed through COMSOL magnetic field simulations to maximize the magnetic flux linkage to the stator while minimizing phase resistance to improve output power. 
FABRICATION
The fabrication and operation of the device are briefly illustrated in Figure 3 . The rotor consists of two silicon wafers with etched ball raceways that are eutectically bonded together with microballs in between. Final etching steps on both sides were performed to release the central rotor and define the turbine blades along with the magnetic component housing (Figure 3a-c) . Separately, a silicon plumbing chip was deep etched to create through-holes that direct the gas flow through the turbine blades during testing (Figure 3d ). The details of the fabrication and testing of the rotor component was presented in [13] . In parallel, coil housings were etched and thermally-oxidized in the stator wafer measuring 400µm in thickness. A bottom-up copper electroplating technique was applied to conformally fill the etched features and create the first layer of the coils. The planar winding configuration leads to the efficient use of the device area, however requires a complex connection scheme. Accordingly, a second level of metallization was performed on the backside of the stator and connected through a 200nm-thick sputtered gold layer to complete the coil structure. Isolation and via openings on the bottom side of the plated copper were defined by a KMPR layer (Figure 3e-g ). The schematic of the final assembly and pictures of the fabricated device are shown in Figures  3h and 4 , respectively.
Figure 4: Pictures of the fabricated device, (a) rotor bottom view, (b) rotor top view, (c) stator top view, and (d) stator bottom view.

TEST RESULTS
Initially, the electrical properties of the stator coils were measured. The per-phase resistance was determined to be 220Ω which is mainly contributed by the thin backside gold metallization. Inductance was measured to be 3.5µH that yields negligible maximum impedance on the order of 0.2Ω at the output frequency of interest (0-10kHz). Therefore, the internal stator per-phase impedance is assumed to be a purely resistive 220Ω.
The friction torque of the microfabricated ball bearings was then characterized by rotor spin-down measurements. Initially, pressurized nitrogen was applied to actuate the rotor at 16krpm. Next, the flow was interrupted and the magnetic rotor was allowed to decelerate under the friction of the bearings. The rotor angular position versus time data during the deceleration was collected and is shown in Figure 5 .
Our group's previously developed friction model reported in [11] was used to extract the friction torque values from the data shown in Figure 5 . The exponential curve fit with an R 2 value of 0.99 resulted in dynamic friction values ranging from 5.45µNm to 33µNm, which equates to turbine efficiency on the order of 6% at 16krpm. In comparison to the demonstrations of microball bearings in other devices [11] [12] the rotor component of this micro-turbo-generator has higher friction due to the 44% higher surface area, 20% more microballs in the device, and four-fold increase in the total mass.
An acrylic package was designed to assemble the device for voltage and power generation tests, where the rotor-to-stator air gap was defined by a compliant O-ring. When the rotor with magnetic components rotates over the stator, sinusoidal voltages are generated on the coils through electromagnetic induction. Finally, the device was tested for power delivery. To extract the maximum power from the micro-turbogenerator, a matched electrical load of 220Ω was connected at the terminals of one phase. The rotor is spun using pressurized nitrogen, and output power was measured at varying rotational speeds. In parallel, applied gas pressure and flow rate were recorded to calculate the input applied power. Figure 7 plots the input mechanical power and output electrical power delivered on a 220Ω resistor with respect to rotor speed. The maximum perphase AC power was measured to be 5.6µW at 23krpm that corresponds to 
CONCLUSION
The first electromagnetic micro-turbo-generator with integrated magnetic components and encapsulated microball bearings is presented. The device combines three key technologies and components for power generation, namely encapsulated microball bearings, high performance integrated magnetic materials, and thick stator coils. The resistive and inductive components of the stator phase were measured to be 220Ω and a negligible 3.5µH at the frequencies of interest. Spin-down testing of the turbine rotor starting from 16krpm revealed 6% turbine efficiency and 33µNm friction torque that is higher compared to the previously demonstrated microball bearing devices due to the larger geometry and magnetic mass load. Open circuit versus speed data show excellent agreement with the theoretical analysis with a maximum peak-to-peak value of 0.1V at 23krpm. At the same rotational speed, the device delivered a per-phase AC power of 5.6µW to a 220Ω matched load. The microturbo-generator reported in this work is the first demonstration of a micro-power generator with encapsulated microball bearings. The microball bearings uniquely reduce fabrication and integration complexity in the development of fully-integrated microsystems [14] . 
